We have developed the first gas-grain chemical model for oxygen fractionation (also including sulphur fractionation) in dense molecular clouds, demonstrating that gas-phase chemistry generates variable oxygen fractionation levels, with a particularly strong effect for NO, SO, O2, and SO2. This large effect is due to the efficiency of the neutral 18 it can be used as a sensitive chemical proxy for matter evolution in dense molecular clouds.
INTRODUCTION
To understand the transformation of matter from gas and dust present in the interstellar medium to the formation of planetary systems, a precise understanding of the nature and abundance of the various species present prior to cloud collapse is required. With the exception of CO and minor species in the gas phase and a few species on interstellar ices, the exact chemical composition of molecular clouds is still unknown. This is due, in particular, to the difficulty to detect species without a dipole moment (such as O2 and N2). It is unknown, for example, what fraction of elemental oxygen remains in atomic form in the gas-phase compared with the fraction that is contained in oxygen bearing molecules in the gas or in ices (in the form of H2O, CO, CO2, H2CO, and/or CH3OH). One possible method to address this question is to investigate the isotopic composition of the various molecules present, to determine the relative abundances of the various isotopologues. In dense molecular clouds, photons play a relatively small role and induce very few 18 O fractionation effects as a result of CO self-shielding (Lyons & Young 2005 , Smith et al. 2009 ). In this case, the most efficient fractionation pathways are exothermic barrierless reactions involving major species (C + , C, O, CO), with the zero-point energy (ZPE) differences in isotopologues driving the fractionation process. Then, the isotopic fractionations are directly linked to the abundance of the elements in the gas-phase when efficient fractionation reactions exist.
Among the various fractionations, hydrogen (deuterium), nitrogen, and carbon have received the most attention (Terzieva & Herbst 2000 , Furuya et al. 2011 , Pagani et al. 2011 , Pagani et al. 2012 , Roueff et al. 2015 , Furuya & Aikawa 2018 , but oxygen fractionation itself has been less well studied. The previous oxygen isotope studies concern mostly the minor isotopologues of CO, (13 (Wilson 1999) . This leads to a local 16 O/ 18 O ISM value equal to 557 ± 30 (Wilson 1999) , close to the Solar System value of 530 for the Solar wind (McKeegan et al. 2011 ) or 511 ± 10 for the sun's photosphere (Ayres et al. 2013) , and around 500 for comets (Bockelée-Morvan et al. 2012 , Jehin et al. 2009 ) and meteorites (Lodders 2003 To understand the mechanisms leading to oxygen fractionation, we have developed a new gasgrain model for dense molecular clouds (that do not contain efficient photodissociation processes). After an exhaustive search, we have introduced various oxygen fractionation reactions, which induce notable fractionation effects for molecules such as NO, SO, O2 and SO2. We have also determined the observed isotopic ratios for these species in a number of cold core using existing spectral surveys. To interpret these observations, we have also added reactions for the isotopic fraction of sulphur to the network. The chemical model including the various updates and the model predictions are presented in Section 2. In section 3, the new observed isotopic ratios and their comparison with the model predictions are shown. Our conclusions are presented in Section 4.
CHEMICAL MODELLING

Model description
Our chemical model is based on Nautilus in its 3-phase version (Ruaud et al. 2016 ) using kida.uva.2014 (Wakelam et al. 2015 , with updates from Ruaud et al. (2015) , Wakelam et al. (2017) , Hincelin et al. (2015) and Loison et al. (2016) , Loison et al. (2017) , Vidal et al. (2017) for the chemistry. The network used here is limited to a carbon skeleton up to C3HxNy (x = 0-2, y=0-1) and C3HxNy + (x = 0-3, y=0-1) to reduce the number of reactions when considering all the 18 O and 34 S species. It includes 4440 reactions in the gas phase and 5180 reactions on grains.
We have checked that the new network reproduces the abundances of the complete network for the main species studied here. The chemical composition of the gas-phase and the grain surfaces is computed as a function of time. The gas and dust temperatures are equal to 10 K, the H2 density is equal to 2´10 4 cm -3 (various runs have been performed with the H2 density varied between 1´10 4 cm -3 and 2´10 5 cm -3 ). The temperature and the H2 density is kept constant during chemical cloud evolution. The cosmic-ray ionization rate is equal to 1.3´10 -17 s -1 and the value of the total visual extinction is set to 10. All elements are assumed to be initially in atomic form except for hydrogen, which is entirely molecular. Elements with an ionization potential below the maximum energy of ambient UV photons (13.6 eV, the ionization energy of H atoms), C, S and Fe, are initially in a singly ionized state. The initial abundances are reported in Table 1, the C/O elemental ratio being equal to 0.7 while sulphur is depleted by a factor of 10 (Fuente et al. 2016 , Vidal et al. 2017 , Fuente et al. 2018 . Although this represents a simplistic approach to molecular cloud modeling, neglecting the structure and the history of the cloud, the main objective of this study is to demonstrate the importance of the chemistry on oxygen fractionation. Nevertheless, we performed different runs to test some of the approximations on the fractionation. First, we performed a run with an initial abundance of CO equal to 8.5´10
-5
and an initial abundance of C also equal to 8. In our model, there are some photons generated by the relaxation of excited H2
(produced by electron collisions with H2) (Prasad & Tarafdar 1983 , Gredel et al. 1989 ). These photons have however only a small effect. Moreover, as we do not consider the photochemical boundary of the molecular cloud, the photodissociation of CO should not play a major role and we do not consider potential self-shielding effects (Lyons & Young 2005 , Smith et al. 2009 ). In the interstellar medium, fractionation occurs due to the fact that zero-point energy (ZPE) differences favor the exothermic pathway for barrierless exchange reactions. The rate constants for the fractionation reactions have been studied in detail (Terzieva & Herbst 2000 , Roueff et al. 2015 . Using the work of Henchman and Paulson (1989) , we consider in this work that all reactions involve adduct formation. We also consider only reactions without bimolecular exit channels except for exchange reactions because when there is one, or several exothermic bimolecular exit channels, they are likely to be favored. Then, assuming than the adduct lifetime is long enough to have a statistical energy distribution, we can consider that kf + kr = k¥ (k¥ is the high-pressure rate constant) (Anderson et al. 1985 , Terzieva & Herbst 2000 , Roueff et al. 2015 . with: kf is the rate constant for the forward reaction, that is reaction towards the right in Table   2 , kf is the rate constant for the reverse reaction, that is reaction towards the left in .s -1 , b is without units. f(B,m), which depends on the rotational constants (B), masses (m) and symmetries of the reactants (Terzieva & Herbst 2000) , is close to 1 except when O2 or S2 is involved in the reaction. DE is the exothermicity of the reaction in Kelvin and is equal to the Zero Point Energy (ZPE) differences. This exothermicity is calculated using vibrational data in the literature when it exists. For some isotopologues, vibrational frequencies are unknown. We then calculated the vibrational frequencies for all isotopologues with Density Functional Theory (DFT) at the M06-2X/AVTZ level using Gaussian 09 software (Frisch et al. 2009 ) and we scaled the theoretical values to the experimental ones for the main isotopologues.
When no data exist on the association reaction, we use the capture rate constant to determine the value of kf + kr for barrierless reactions. It should be noted that this formalism seems to be inappropriate for the 18 O + O2 reaction (Anderson et al. 1985 , Wiegell et al. 1997 , FleuratLessard et al. 2003 , Rajagopala Rao et al. 2015 . (Fernando & Smith 1979 , Fernando & Smith 1981 , Anderson et al. 1985 , W. M. Smith 1997 , where the rate of exchange is in good agreement with the high pressure rate constant considering an indirect mechanism (Hippler et al. 1975 , Fernando & Smith 1979 , Baulch et al. 2005 . For the 18 O + SO reaction there are no direct measurements of the isotope exchange reaction but as the association reaction, O + SO ® SO2 is very exothermic, the lifetime of the excited SO2** formed should be long enough to apply statistical theory and we use kf + kr = k¥ with k¥ given by experimental studies (Lu et al. 2003 at room temperature and can be as high as a factor 2 at low temperature.
For sulphur fractionation, the S + + SO and S + SO reactions may play a role in 34 SO fractionation. For S + + SO we neglect the exchange reaction (exothermic by 8.7 K) as there are exothermic bimolecular exit channels, namely the slightly exothermic S2 + + O channel (exothermic by 153 K) and the charge transfer reaction (exothermic by 766 K). When we perform a test considering that only the exchange reaction occurs, we observe no effect on SO fractionation. For S + SO we performed various ab-initio and DFT calculations, namely MRCI(+Q)-F12/AVDZ using Molpro 2012 software (Werner et al. 2012) , and RCCSD(T)-F12/AVTZ and M06-2X/AVTZ using Gaussian 09 software, the CCSD(T) and DFT methods being likely only poorly adapted due to the highly multiconfigurational aspect of the S( 3 P) + SO( 3 S -) potential energy surface. At the MRCI level we found no barrier for SSO formation on the ground singlet surface (highly exothermic by 295 kJ/mol) but a barrier equal to 6 kJ/mol for SOS formation (exothermic by only 32 kJ/mol) and a barrier equal to 16 kJ/mol for cyclic-SOS formation (exothermic by 154 kJ/mol). Moreover, we found a barrier for the isomerizations SSO ® OSS and SSO ® cyc-SOS, so the exchange reaction is unlikely. However, the surface around the transition states for isomerization is particularly complex, and may also involve the triplet surface, so we cannot completely exclude the possibility of some isomerization. We then performed some runs varying the rate constant for the 34 S + SO ® S + 34 SO reaction between zero and the capture rate value. Even for a large rate constant, the effect on 34 SO fractionation is low due to the low abundance of sulphur atoms in the gas-phase associated with the fact that the exothermicity of the 34 S exchange process is lower than the thermal energy in dense molecular clouds. As a result, there is little doubt that 34 SO will show very low enrichment levels.
It should be noted that exchange reactions are efficient only in the gas-phase because on Fehsenfeld et al. 1974) 4.
This reaction has a barrier and a negligible rate at low temperature (Inn 1974 , Toby et al. 1984 , Talbi et al. 2006 , Goumans & Andersson 2010 5.
.0e-10 0 -37.3 1 We assume no barrier for this reaction (SO + has a reactive doublet ground state and reacts quickly with N atoms (Fehsenfeld & Ferguson 2012) ) and a rate constant close to capture rate value. The S + + O2 exit channel is slightly endothermic and may play a role (Dotan et al. 1979 , Tichý et al. 1979 6.
O + NO
® N 18 O + O 7.0e-11 0 -36.3 1 (Fernando & Smith 1979 , Fernando & Smith 1981 , Anderson et al. 1985 , W. M. Smith 1997 7.
18 O + SO ® S 18 O + O 5.3e-11 0 -31.5 1 (Lu et al. 2003 . We neglect here the radiative association reaction estimated equal to 7.0e -16 at room temperature (Rolfes et al. 1965 , Singleton & Cvetanović 1988 8.
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® O + O 18 O 3.4e-12 -0.6 -32.3 2 (Anderson et al. 1985 , Wiegell et al. 1997 , FleuratLessard et al. 2003 , Rajagopala Rao et al. 2015 . The experimental studies cover only the 143 K -353 K range and are difficult to extrapolate at 10K. The theoretical studies are not in very good agreement with the experimental ones.
9.
There is a barrier equal to 850 K for this reaction (Naidoo et al. 2005) leading to negligible value at low temperature. 
Modeling results
The CO, HCO + , OH, O2, OCS, H2CO, CH3OH, NO, SO, and SO2 abundances relative to H2 calculated by our model are shown in Figure 1 .
Figure 1: Calculated gas-phase abundance ratios, relative to H2, of CO, HCO + , OH, O2, OCS, H2CO, CH3OH, NO, SO and SO2 studied in this work as a function of time predicted by our model for N(H2) = 2´10 4 cm -3 and T = 10K. The horizontal grey rectangles represent the abundances observed in the cold core TMC-1 (CP), (Gratier et al. 2016 , Lique et al. 2006 time ( including an arbitrary factor 3 for the uncertainties. In this figure, sulphur is depleted by a factor of 10, the S/H2 ratio being equal to 1.5´10 -6 . Table 2 ) and the available exit channels producing N + O2 and S + O2 are endothermic. There is also the equivalent reaction:
18 O + O2 ® 18 OO + 16 O + 32.3 K which is barrierless but for which the rate constant at low temperature is uncertain due to dynamical effects (see the chemical description above). There is also some fractionation for SO2 and OCS which is brought about by the fractionation of SO, as SO2 is mainly formed through the SO + OH reaction. The fractionation effect on OCS is lower because OCS is mainly formed through the OH + CS reaction (Loison et al. 2012 ). However, when SO reaches a large abundance, the CH + SO reaction produces large quantities of OCS (Loison et al. 2012) , which then partially reflects the SO fractionation level. 
COMPARISONS WITH OBSERVATIONS
In order to test the results of our chemical model, we analyzed observations from existing surveys obtained with the IRAM 30m telescope in five different cold cores: B1-b, TMC-1, L483, L1689B, and the Horsehead cold dense core. Details on the analysis source by source as well as comparison with our model predictions are given in this section.
Observations
All the observations have been performed with the IRAM 30m telescope. The data were reduced using the CLASS/GILDAS software package, i.e. the individual spectra were coadded, folded to de-convolve from the frequency switching procedure, and a baseline consisting of a low-order polynomial (typically 3 or 5) was withdrawn. The observed lines are presented in Table 3 . 
L483:
L483 is a cold dense cloud around a Class 0 source, with a column density of H2 of 3 ´ 10 was used connected to the FTS backend, which provides a spectral resolution of 50 kHz (0.14-0.18 km s -1 at the observed frequencies, which is good enough to resolve lines in L483, which have typical widths of » 0.5 km s -1 ). The frequency-switching technique was used to maximize the telescope time. We detect four lines of SO (see Table 3 ), although only two are taken into account to derive the column density. The line at 99299 MHz is optically thick while that lying at 100029 MHz is only marginally detected. For 34 SO we detect three lines, which allow to constrain the rotational temperature to 4.5 +/-0.5 K, value that is assumed to hold for all SO isotopologues. Finally, for S 18 O we only detect one line, although with a very good signal-tonoise ratio.
B1b and TMC-1:
Barnard 1 (B1) is a dense core with a steep density gradient where N(H2) is between 7.6 ´ 10 22 cm -2 (Daniel et al. 2013 ) and 1.3 ´ 10 23 cm -2 (Hirano et al. 1999) . The column density of H2 molecules at the position of the cyanopolyyne peak in TMC-1 has been estimated equal to 10 22 cm -2 (Cernicharo & Guélin 1987) . The B1b and TMC-1 data are part of a 3mm line survey using the IRAM 30-m telescope (see (Cernicharo et al. 2012 ) and references within , which is good enough for the typical line widths (~ 0.5 km s -1 in TMC-1, and ~ 1 km s -1 in B1b), and allows us to resolve the two velocity components in both sources (~ 5.7 and 6.0 km s -1 in TMC-1, ~ 6.5 and 7.0 km s -1 in B1b, see Table 3 ). All the observations were performed using Frequency Switching (FSw) mode. Each spectral setup was observed for 2 hrs, resulting in an average rms of 4-6 mK (up to 10-20 mK at the high frequencies close to the end of the band) for both sources. In B1b we detect 4 lines of SO, but the emission is optically thick and we did not compute column densities. We used the 3 lines of 34 SO to perform rotational diagrams and obtain a rotational temperature of 6.5 +/-0.7 K, a value close to the 8.2 K obtained by Fuente et al. (2016) . This temperature was used to compute the column density of S 18 O (only 2 lines observed). SO lines in TMC-1 are optically thin and we obtained a rotational temperature of 3.9 +/-0.1 K, which was used to obtain column densities for 34 SO and S 18 O since only one line was detected for these isotopologues (see Table 3 ).
L1689B:
The L1689B dense core is located in the r-Ophiuchi star forming complex and has a column The line integrated intensities were converted to the main beam temperature scale. To derive the molecular column, we assumed the same excitation temperatures for all transitions, albeit possibly different to the kinetic temperature. Under this assumption, we calculated the line integrated intensities for a grid of values in excitation temperature and molecular column densities. We then minimized the χ 2 between the modelled line integrated intensities and the observed ones to derive the molecular column densities. One-sigma error bars were determined using the column density interval defined by χ 2 min + 2.3, as described in Bacmann and Faure (2016) . For the main SO isotopologue, the lines at 99299.886 MHz and at 138178.6 MHz are optically thick with optical depths around 8-15. We have not considered these lines in our analysis.
Horsehead:
The dense core of the Horsehead nebula (the shielded core characterized by a large DCO + abundance J2000 05h 40m 55.73s, −02• 27′ 38′′) has total column density estimated to be N(H2) = 3.0 ´ 10 22 cm-2 (Gerin et al. 2009 ). The data is part of the Horsehead WHISPER survey and was observed using position switching at the 30m IRAM telescope. It covers the full 3, 2 and 1mm atmospheric bands with a spectral resolution of 50kHz at 2 and 3mm and 195kHz at 1mm. This corresponds to a velocity resolution between 0.17 km/s and 0.05 km/s depending on frequency, sufficient to well resolve the lines in this source (linewidth of typically 0.45 km/s). The median noises are 8.1 mK, 18.5 mK, and 8.3 mK respectively for the 3, 2 abs 1mm
bands. Details about the data reduction can be found in Pety et al. (2012) . Radiative transfer calculations were carried out using the LTE approximation as implemented in the Weeds package (Maret et al. 2011 ). All lines of SO, S 18 O and 34 SO with frequencies inside the observed bands and with upper level energies lower than 30K where selected. A 2.5MHz frequency range was selected around each of these lines and a Bayesian method was used to recover the radiative transfer model parameters. The method is presented in details in Andron et al. (2018) . The observed spectra are presented in Figure A1 in the appendix. And the 1D and 2D histogram of the posterior probability distribution function and the comparison of the observations are presented in Figure A2 .
In This effect is mainly due to oxygen fractionation as we obtain very low sulphur fractionation as shown in Figure 3 . 
CONCLUSIONS
In this work, we have presented a gas-grain model for oxygen (and sulphur) 
